Unconventional superconductivity has been intensively studied for decades, yet the origin and nature of the pairing is often obscure. This is particularly the case in Sr 2 RuO 4 : there is no consensus on the driving forces for the superconducting gap, its symmetries and dimensionality after a quarter of a century of detailed study. Multiple low-energy scales in spin, charge and orbital degrees of freedom are present, which make it difficult to ascertain the validity of model approaches which make assumptions that exclude or single out particular mechanisms. Here we develop an alternative approach, a detailed ab initio theory that can adequately treat both local and non-local spin and charge correlations, and multi-particle vertex functions in all relevant degrees of freedom, that allow calculation of spin, charge, and pairing susceptibilities.
relations with dynamical mean field theory (DMFT), which includes local spin fluctuations, make this possible. We find that Sr 2 RuO 4 has a superconducting gap structure with nodal lines along all three crystalline directions. Spin fluctuations, dominated by the highly incommensurate vector, tries to stabilize a singlet pairing state but the Ru-t 2g manifold drive strong inter-and intraorbital charge fluctuations in triplet channel. When subject to stress, the otherwise competing spin and charge channels are found to co-operate and drive an even-parity pairing, which causes T c to increase. This occurs up to a critical stress, beyond which spin fluctuations become less coherent in singlet channel and T c begins to fall.
Superconductivity (1) is an emergent quantum property of a material where electron participate in dissipation-less charge transport. While electrons repel each other via the Coulomb force, quantum theory provides additional interactions that in special circumstances at low temperature can surmount the repulsion to bind two of them together to form Cooper pairs (2) .
When the pairing is mediated by coupling to nuclear motion (phonons) it is called conventional superconductivity and it is well understood in terms of the celebrated BCS theory (3) . Unconventional superconductivity can originate from the interplay of degrees of freedom other than phonons. It usually involves spin fluctuations but a general understanding of its origin is lacking. Here we focus on Sr 2 RuO 4 , an unconventional superconductor which is highly sensitive to disorder (4) . Bulk single crystals show superconductivity below 1.5 K (5), though the superconducting pairing and the associated order parameter lack comprehensive understanding (6), 24 years after it was observed. Sr 2 RuO 4 is of great interest because the superconductivity may have spin-triplet symmetry, which raises the possibility that it can sustain Majorana states conducive for topological quantum computing (7) .
The superconducting transition temperature, T c , has been observed to increase to 3 K in eutectic crystals of Sr 2 RuO 4 , in the vicinity of Ru inclusions (8, 9, 10) . While enhancement of T c was traditionally observed with a lowered volume fraction, a recent series of experiments on bulk single crystals of Sr 2 RuO 4 , subject to uniaxial strain show a similar increment (11, 12) : increases to 3.4 K were observed for tensile strain in the [100] direction, which we denote as x . These apparently dissimilar studies hint towards a more common underlying mechanism for enhancement of T c : Ru inclusions induce local stresses which include uniaxial strain. In the tensile experiments T c can be controlled by varying x . It reaches a maximum value at x =0.6% (12), beyond which it falls rapidly.
These observations challenge the established belief that Sr 2 RuO 4 is a spin-triplet (oddparity) superconductor. Since tetragonal symmetry is broken, it is no longer possible to find an order parameter with two degenerate components such as p x +ip y or d xz +id yz . Hence this raises a further possibility that even if the unstrained compound is odd-parity superconductor, strain could induce strong even-parity components. Subsequent DFT studies (12) , weak coupling studies, single-band minimal Hamiltonian studies (13, 14) identified a change in Fermi surface topology with x , with an attendant Van Hove singularity (12) that approaches the Fermi energy E F . It was proposed (15) that T c is enhanced by an increase in free carriers as the singularity crosses E F , then falls off after the peak passes through it. Such a picture identifies an important property resulting from strain, but it is not sufficient to explain the enhancement of T c . Sr 2 RuO 4 is a classic instance of multi-orbital electron itinerary (16, 17, 18, 19) . Electron correlations originate from competition between intra-orbital Hubbard correlations and sizeable Hund's coupling (20, 16, 21) . In a multi-orbital scenario with large Hund's coupling, the splittings that emerge after the tetragonal xy degeneracy is lifted, are likely to play a pivotal role in affecting T c . They are left out of RG based studies based on a minimal, single-band Hamiltonian. Additionally, spin-flip scattering and the pair-hopping terms absent in a minimal single-band Hamiltonian are very important for Sr 2 RuO 4 . Ab initio studies based on DFT pro-vide some basic insight as noted above. But correlations and the attendant self-energy Σ(k, ω) are highly non-local in space, momentum and time; these significantly modify DFT eigenvalues and eigenfunctions. DMFT added to DFT restores the local part of correlations, notably spin fluctuations on Ru, but it cannot correct for DFT's failure to adequately capture the underlying electronic structure. Its tendency to misalign O-p and Ru-d, and overestimate interatomic couplings, change both the dispersions and the orbital character of crystal eigenstates in important ways.
In short, the complexity of Sr 2 RuO 4 warrants a theoretical technique that incorporates all of the important correlations in a unified ab initio framework. We implement a recently developed three-tier technique starting with the quasi-particle self consistent GW (QSGW) approximation to build our reference hamiltonian, augment it with dynamical mean field theory (DMFT) to add spin fluctuations left out of QSGW, and also generate the vertices entering into spin, charge, and pairing susceptibilities. Finally we solve multi-orbital Bethe-Salpeter equations to calculate these properties in both strained and unstrained single crystals. We identify what leads to the non-monotonic dependence of T c on strain and also gain insights into the upper bound for T c in Sr 2 RuO 4 . We find a one-to-one correspondence between T c and the coherence and intensity of the spin and charge susceptibilities under application of strain. Finally, we establish connections between spin, charge fluctuations and superconducting pairing symmetries in Sr 2 RuO 4 , and dimensionality of the fluctuations associated with these degrees of freedom.
The local density of states (DOS) from QSGW shows the presence of a Van-Hove singularity slightly above the Fermi level in the unstrained case (Fig. 1) . Strain splits the single peak, the splitting increasing linearly with x . The smaller, lower peak crosses E F at x =0.6%, which we denote as * x . We note in passing that if the larger Van-Hove feature could be tuned to cross E F , it may be possible to induce a different, and possibly stronger superconducting transition. Strain lifts the tetragonal symmetry, splitting the degeneracy of the Ru (4d xz , 4d yz ) and O (p x , p y ) pairs. We find that the states split beyond the typical exchange scale of ∼4 meV (Fig. 8) when x =0.6%.
Fermi surfaces in the basal plane are shown in Fig. 2 . The critical change in topology on the line connecting (0,0) and (0,π) (points Γ and M) occurs at * x =0.6%, in excellent agreement with strain where T c maximizes and where one Van-Hove singularity crosses E F (Fig. 1) , as was noted in a a prior DFT study; though in DFT * x is much larger (see Fig. 2 ). The green "wobbly" contour is clearly observed in high-resolution angle-resolved photo-emission spectroscopy (22) .
That QSGW simultaneously yields * x near the observed maximum T c , and can reproduce fine details of the ARPES Fermi surface, is a reflection its superior ability to generate good effective noninteracting hamiltonians.
Coulomb interactions are long-range; they are treated by QSGW perturbatively in a selfconsistent manner through a dynamic and momentum dependent self-energy, Σ(k, ω). We analyse Σ(k, ω) computed within QSGW to extract the momentum-dependent quasi-particle and nearly ∼ 50% beyond that.
We next consider two-particle responses of the system, and beginning with the dynamical spin susceptibility χ s (q, ω) on the Γ-X line, initially for the bulk compound, and then how it is modified by strain. Fig. 4 shows momentum and energy resolved χ s (q, ω) for x =0%, 0.6% and 1.2% in the planes q z = 0, 1/4, and 1/2 (in units of 2π/c). The unstrained compound shows a dominant peak at incommensurate (IC) q=(0.3, 0.3, 0) (23, 24, 25) with maximum near ω=10 meV. However it disperses all the way up to 80 meV, which is in excellent agreement with experimental observations (26) . We also find significant spin fluctuations at the ferromagnetic (FM) vector q = (0, 0, 0) (also seen in very recent neutron measurements (27) ) and almost no intensity at the antiferromagnetic nesting vector (1/2,1/2,0). The FM signal is important, because it arises with spin fluctuations having multi-orbital character and also because it has implications for superconductivity (27) . We find that the intensity of χ s (q=0) is ∼1/5 of the dominant IC peak when spin-orbit (SO) coupling is suppressed. But SO coupling lifts band degeneracies at high symmetry points, reducing this ratio to ∼1/8. Thus χ s seems to be dominated by fluctuations at the IC vector. Hence, it should favour pairing mainly in the singlet channel, unless there are other 'novel' channels to provide extra glue for a triplet pairing.
As strain is applied, χ s changes in significant ways. are more proximate to (1/2, 1/2, q z ), the symmetry is more likely to be singlet. We compute the particle-particle (p-p) vertex functions from our ab initio approach, which enables
us to determine what predominanates the driving forces for pairing. The p-p vertex functions are connected to particle-hole (p-h) vertex functions in the magnetic and charge channels (28).
The particle-particle polarization bubble is dressed with the p-p vertex functions to get the susceptibilities in the particle-particle channel. Finally we solve the non-linear eigenvalue problem of the BCS-equation to get the pairing fields for all eigenvalues. This construction allows us to separate the contributions to the superconducting pairing into spin and charge contributions. 
Method
We use a recently developed quasi-particle self consistent GW + dynamical mean field theory (QSGW+DMFT) (35, 36) Carlo (CTQMC) (38) , to solve the Anderson impurity problem.
The one-body part of QSGW is performed on a 16×16×16 k-mesh and charge has been converged up to 10 −6 accuracy, while the (relatively smooth) many-body static self-energy . When x =0 the singularity splits into two peaks, with the smaller peak crossing E F at x =0.6%. An intriguing possibility is to find conditions that cause the larger peak to cross E F . Bottom pair is the corresponding DOS in the LDA. The Van-Hove singularity and its splitting are also seen, but the peaks split more symmetrically, and evolve more slowly with x . On average, the LDA DOS is 25% smaller than the QSGW DOS, which is a consequence of the LDA's tendency to overestimate d bandwidths. Inset shows the QSGW DOS at x =0.3% on finer energy scale. The grey line shows the DOS with spin-orbit coupling removed. Z is a measure of how strongly nonlocality in space and time renormalize and smear out the energy bands: at Z=1 electrons are perfectly coherent and act like independent particles; when Z=0 all coherence is lost. Its k-dependence is unusually strong. To put it in perspective, in iso-structural La 2 CuO 4 , Z varies by ∼20% (21) for the Cud x 2 −y 2 band. Lower panels show Z k evolves in a non-trivial, orbital-dependent fashion with strain. Spin fluctuations missing in QSGW further reduce Z (Fig. 9) . s is nearly independent of q z , but it begins to depend on q z for x >0. With increasing strain fluctuations become more coherent and strongly peaked, reaching a zenith at x = * x (0.6%), where T c is maximum. For x > * x , this peak becomes more diffuse; also a secondary incoherent peak emerges at (0.15, 0.15, q z ), and the quasi anti-ferromagnetic vector (1/2, 1/2, a/2c) acquires spectral weight around ω=40 meV. Note also the spectral weight near the FM vector (0,0,0), and its evolution with x . For the unstrained case, the nodal lines, which appear as diagonal lines in the top row, correspond to the Cartesian q z -direction. The nodal structure evolves in a non-trivial fashion under strain, keeping the basic three dimensional gap structure intact across all strains. The first two eigenvalues for all strains are nearly degenerate. Figure 9 : Scattering Rate and quasi-particle renormalization: The imaginary part of the QSGW+DMFT local self energy on Matsubara axes is fit to a fourth order polynomial at low energies, ImΣ(iω) = a + b(iω) + c(iω) 2 + d(iω) 3 + e(iω) 4 . The linear term is connected to the local mass enhancement m * /m 0 = b + 1, where m 0 is the QSGW effective mass, and the intercept yields Γ through a = Γm * /m 0 . Γ (shown in eV) is the quasiparticle scattering rate at the lowest energy (42, 43) . Note how strain modifies m * /m 0 and Γ for the xz and yz orbitals in a very different manner. This low-temperature mass anomaly is observed in Sr 2 RuO 4 and discussed in previous studies (16, 18, 21) . in the normal phase agrees well with the experimental observations (44, 45, 46) .
